The pressure-driven flow of a suspension of spinning particles in a rectangular channel is studied using an acoustic method. The suspension is made of insulating particles (PMMA) dispersed in a slightly conducting oil ( Ugilec + Dielec) and is subjected to a DC electric field.
I. INTRODUCTION
In this paper, we are interested in the rheological behaviour of a suspension of spheres which experience a torque. In such a case, it is well known that the stress tensor is no longer symmetric but that an anti-symetric part has to be added to the usual symmetric stress tensor.
The role played by this anti-symmetric stress on the mechanical behaviour of suspensions has been widely studied both theoretically and experimentally. Such suspensions are known as micro-polar fluids and their theory developed by Eringen (1966) and Dahler, Condiff and Scriven [Dalher and Sriven (1961) , Condiff and Dalher (1964) ] around 1960. The mechanical behaviour of such fluids, is given by two vector fields, the linear velocity field as in the case of non polar fluids and the particle angular velocity field [Lukhaszewicz (1999) ]. These fields are the solutions of two coupled equations: the linear momentum and internal angularmomentum balance equations. In recent years, the theory of micropolar fluids has received a new interest with the development of microfluidics and ferrofluid rheology [Rosensweig (2007) ]. The ferrofluids submitted to alternating or rotating magnetic fields are undoubtedly the most famous micro-polar suspensions. The external magnetic field exerts a torque on the dipole moments carried by the particles which consequently rotate with an angular velocity different from that of the surrounding liquid. Many theoretical [Perez-Madrid et al. (1999; Rinaldi et al. (2002) ; Korlie et al. (2008) ; Shliomis and Konstantin (1994) ] and experimental [Bacri et al. (1995) ; Rinaldi et al. (2005) ] investigations have addressed the role of the magnetic torque on the rheological behaviour of ferrofluids. In particular, it has been shown that the application of a fast enough oscillating magnetic field forces the particles to rotate faster than the host fluid leading to a reduction of the apparent viscosity of the ferrofluid [Bacri et al. (1995) ]. A true apparent "negative" viscosity can be obtained upon submitting the ferrofluid to a rotating magnetic field [Rinaldi et al. (2005) ].
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In this paper, we propose another way to induce a torque on the suspended particles. It consists in applying a DC electric field to a suspension of insulating particles dispersed in a slightly conducting liquid. Indeed, when a non conducting particle immersed in a semiinsulating liquid is submitted to a sufficiently high amplitude DC field, it begins to rotate spontaneously around itself. This instability is known as Quincke rotation [Quincke (1896) ; Jones (1995) ]. When the suspension is motionless and a DC field is applied, the particles start rotating around themselves in any direction perpendicular to the field and the average spin rate of the suspension is zero. But, when a velocity gradient is applied along the E field direction, the particles rotation axis is favoured in the vorticity direction. Therefore, the degeneracy of the rotation direction is eliminated, giving rise to a non zero spin rate of the ensemble of particles. This macroscopic spin rate may drive the suspending liquid and thus lead to a decrease of the apparent viscosity of the suspension [Lemaire et al. (2008) ].
We have been working for the last years both on the modelling and on the experimental characterisation of the influence of Quincke rotation on the rheological behaviour of suspensions. In particular, we have been able to propose a constitutive relation for the rheological behaviour of such a suspension of spinning particles. The model predicts that, for low particle concentrations (φ<1/6), there exists a bistable flow regime and the apparent viscosity of the suspension is negative when it is submitted to a small shear rate. Experimentally, we were not able to show evidence of this negative apparent viscosity but we measured a huge viscosity decrease [Lemaire et al. (2008) ]. Moreover, we have shown that when an electric field was applied to such a suspension flowing in a rectangular channel, the flow rate could be enhanced. The flow rate increase is expected to be accompanied by a change in the velocity profile shape since, when an electric field is applied, the rheological behaviour of the suspension is not Newtonian anymore. The aim of the present paper is to present the direct measurement of the velocity profiles and their modification induced by the hal-00457901, version 2 -19 Feb 2010 electric field. In section II, we present briefly the mechanism involved in the viscosity reduction. The third part is devoted to the description of the experimental set-up and method.
The results are presented in section IV and discussed in section V.
II. QUINCKE ROTATION-INDUCED VISCOSITY REDUCTION
All the details concerning the possibility of decreasing the viscosity of a suspension thanks to DC-electro-rotation have been previously given [Lemaire et al. (2008) ]. Here we just mention the starting point of the analysis and the main results.
A. Quincke rotation of a single particle
The electroration of a particle induced by a DC electric field is known as Quincke rotation and occurs when an insulating particle immersed into a low conducting liquid is subjected to a sufficiently high DC field. In such a situation, as first observed by Quincke at the end of the nineteenth century, the particle can rotate spontaneously around itself along any axis perpendicular to the electric field. A simple physical interpretation has been given by Secker and Scialom (1968) and refined by Melcher (1974) : during their migration, the free negative and positive charges of the liquid meet the insulating particle and accumulate at its surface.
This results in a charge distribution with the particle polarised in a direction opposite to the field. This equilibrium is unstable and when the particle begins to rotate in order to flip the orientation of the induced dipole, it undergoes a driving torque. As stated by Jones (1984) , the Quincke rotation may take place only if the charge relaxation time, which is given by the ratio of the dielectric constant to the conductivity, is lower in the liquid than in the particle. In such a case, the retarded part of the dipole, P, which is associated with the charge distribution at the particle/liquid interface, is in the opposite direction from the electric field. Then, if the hal-00457901, version 2 -19 Feb 2010 particle is slightly rotated, the deviation of its dipole moment P produces a torque, Γ Γ Γ Γ E =P E 0 , which tends to increase the angular tilt further.
It has been shown [Cebers (1978) ; Pannacci et al. (2007a) ] that the retarded part of the dipole moment was given by a relaxation equation:
Where ω ω ω ω is the particle angular velocity and τ M , the Maxwell time that is the characteristic relaxation time of the dipole moment:
γ i and ε i being the electric conductivity and the dielectric permittivity of the liquid (i=l) and of the particle (i=p). Besides the electric torque, Γ Γ Γ Γ E =P E 0 , the particle is subjected to a viscous torque:
where α=8πη l a 3 is the rotational friction coefficient of the spherical particle, η l being the dynamic viscosity of the liquid and ω ω ω ω 0 , the angular velocity of the surrounding fluid (in a quiescent fluid, ω ω ω ω 0 =0).
The particle spin rate is obtained upon solving equation (1), together with the angular momentum principle:
where I is the particle moment of inertia.
When ω 0 =0, the Quincke rotation takes place only if the electric field intensity is high enough for the electric torque to overcome the resistant viscous torque. The threshold intensity is expressed as:
B. Quincke rotation in a suspension
If we are interested in the rotation of an ensemble of particles in a suspension subjected to a constant shear rate γ ɺ (figure 1), using a mean field approach, ω 0 is taken as the average angular velocity of the suspending liquid [Brenner (1970) ]:
where φ is the particle volume fraction.
When the applied electric field intensity is higher than a critical value, c E E* 1 = − φ , the coupled equations (4) and (6) admit several stationary solutions [Lemaire et al. (2008) ]. In the last reference, thanks to a linear stability analysis, we have been able to propose a criterion for the stability of the solutions: if the particles and the surrounding liquid rotate in opposite direction, the solution is unstable.
Once the particle angular velocity is known, it is injected in the model proposed by Howard Brenner (1970) to relate the effective viscosity of a suspension to the particle spin rate:
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where η l is the fluid viscosity. From this expression, it is clear that when the particles rotate faster than the liquid ( x 2 γ ω > ɺ ) due to the electric torque, the effective viscosity of the suspension is lowered. It should be noted that the second term of the right hand side of eq. (7) is related to the anti-symmetric part of the stress tensor which is responsible for the driving effect. Figure 2 .a shows the expected variation of the normalised viscosity, eff ( ) / ( ) η φ η φ , with the reduced shear rate, M γτ ɺ , for a suspension whose solid volume fraction is 5%. It should be stressed that when the shear rate is lower than a critical value, * γ ɺ , the effective viscosity, eff ( ) η φ , is expected to be negative [Lemaire (2008) ].
Here we focus our attention on the flow of such a suspension of spinning particles trough a rectangular channel. In such a flow, the control parameter is not the shear rate but the shear stress which is null at the centre of the channel and maximum at the walls. The relation between the shear rate and the shear stress is shown on figure 2.b. The regions of the rheogram that are explored in a capillary flow are those where the absolute value of the shear rate is larger than * γ ɺ .
To calculate the velocity profile in the rectangular capillary, we suppose that the capillary width (along x-direction), ℓ, is much larger than its thickness (along z-direction), e, so that the velocity and the stress tensor, except for the pressure terms, depend only on the variable z (see figure 3 ). In that case, the pressure, p, depends only on y.
The balance equation for linear momentum reads: dp d 0 dy dz
where σ yz (z)=σ(z) is the shear stress Equation (8) simplifies by supposing that σ(-z)=-σ(z):
hal-00457901, version 2 -19 Feb 2010 dp z dy σ =
Once the rheological constitutive law which depends on the electric filed intensity:
, is deduced from equation 6, the velocity profile can be computed:
z z e e y 1 1 E 1 1 2 2 dp v (z) (z ) dz f ( z ) dz dy Figure 4 shows the profiles deduced from the expression (7). As expected Quincke rotation is responsible for an increase of the suspension linear velocity and, as the field intensity increases, the velocity profile becomes sharper. The singular point at z=0 originates in the cancellation of the shear stress (or equivalently of the effective viscosity) for a finite shear rate. Indeed, at z=0, the shear stress equals zero (see equation (9)) while the shear rate is expected to be * +γ ɺ at z=0 + and
This discontinuity in the shear rate is accompanied by an inversion of the particle angular velocity (see figure 3 and equation (7)).
In the following we present some experiments which have been carried out in order to verify these predictions.
III. EXPERIMENTAL SET-UP
The velocity profile of a suspension flowing through a rectangular capillary is measured thanks to a method of ultrasonic speckle velocimetry. The experimental device is presented on figure 5.
A. Materials
The suspensions is made of PMMA particles (Microbeads CA6-6) (diameter 6 µm, 
B. Flow geometry
The suspension flows in a rectangular channel, ℓ =1.5 cm in width and e=1 mm in thickness. The upper and lower walls of the tube are made of PET films, 175 microns in thickness, coated with a conducting ITO layer and glued on a rigid plexiglass plate. The coated PET films serve also as electrodes so that the electric field is applied along the velocity gradient direction. They are connected to a high voltage supply (Trek 610E) that is fed by a 0.5 Hz square wave signal from a generator (Agilent 33120A). Two holes in one electrode wall, L=22 cm apart, 2mm in diameter, let the suspension flow in and out of the tube. The pressure drop across the channel is controlled by placing the tank containing the suspension at a height h=17.5cm above the capillary which lies on an horizontal plane.
C. Pulsed Ultrasonic Doppler Velocimetry
The velocity profile measurement method is very similar to that precisely described in [Manneville et al. (2004) ]. The principle of the method is quite simple: a focused ultrasonic transducer emits a pulse wave toward the tube in which the suspension flows (figure 6.a).
Each particle scatters the wave back to the transducer that works as a receiver as well. As shown in figure 6 .b, if a particle moves with a velocity v and two pulses are sent at time interval Τ, their echoes will be received at a time interval T+τ d where τ d is related to the distance travelled by the particle during the time interval T:
θ being the angle between the acoustic wave propagation direction and the normal of the capillary wall and c, the sound velocity in the suspending liquid.
As a consequence, measuring the time delay is equivalent to measure the particle velocity.
Moreover, the z-position of the scattering particle in the tube is deduced from the lapse of time between the emitted and received pulses. The measurement of the delay time for all the positions in the tube gives the velocity profile in the medium.
Because a single pulse is scattered by a large number of particles, the received signal is the superposition of all scattered pulses, resulting in a speckle signal, each part of it corresponding to a position in the tube (figure 7). In order to process such waveforms and extract the velocity profile, two signals corresponding to two sent pulses are divided in windows of width ∆t. If each window from a pulse is labelled by its central time k ∆t/2 (two successive windows overlap), the k th window corresponds to a propagation distance in the suspension c k ∆t/2, so that it can be regarded as the signal scattered by the particles that are The z-position of the particles in the capillary is deduced from the delay time between the emission and the reception of a single pulse. We assume that the distance between the upper capillary wall and the scattering particle is proportional to this delay time. As a consequence, only the times at which the pulse enters and exits the channel are to be known. In that purpose, the velocity profile versus delay time is fitted to a parabolic Poiseuille flow, when no electric field is applied, and the times at which the fitting curve cancels give the position of the walls.
IV. EXPERIMENTAL PROCEDURE AND RESULTS

A. Measurement of the profile in the absence of an electric field
During 30s, the suspension flows in the tube and is collected in a vessel for weighing. The acoustic measurement is performed after 15s. The level in the tank is controlled and h does not drop below 17 cm (h=17.5 cm at the beginning). The velocity profiles are first measured when no electric field is applied in order to determine the wall position and the hydraulic resistance of the suspension feeding system (tube from the reservoir to the capillary, connection of the tube with the capillary…).
First, the velocity profile measured without applying any electric field is fitted to a parabolic curve and the position of the wall is determined ( figure 8 ). It should be stressed that the part of the curve close to the lower wall (-e/2<z<0) is affected by the sound reflection against the wall.
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The viscosity of the suspension, η s =19.3.10 −3 Pa.s has been measured with a controlled stress rheometer Carrimed CSL 100. Since for such a low particle volume fraction, φ=5%, the suspension exhibits a Newtonian behavior, the velocity profile in the channel is expected to be parabolic: 2 2 y e 2z dp v 1 8 e dy
leading to the flow rate:
3 3
e dp e Q p 12 dy 12
where L is the length of the tube, ℓ its width, e its thickness, and ∆p the pressure drop over the length of the capillary. The Reynolds number of the flow is taken as R e =ρQ/(η ℓ)≈2. The entry length based on the thickness, e, of the pipe is l ent =R e e≈4mm. The entry length based on the width, ℓ, of the channel can be computed as approximately 60 cm. So, the measurement of the velocity profiles 15 cm beyond the capillary entry is meaningful and the hypothesis of a 2D flow is quite correct.
The flow rate is computed from the velocity profile Q ac =5.8.10 -7 m 3 .s -1 and compares well with the flow measured by weighing Q=6.06.10 -7 m 3 .s -1 .
From Q ac , the pressure gradient in the pipe can be evaluated and the hydraulic resistance of the rest of the circuit can be deduced:
R h is to be compared to the hydraulic resistance of the channel when no electric field is applied: 
Since R h is of the same order of magnitude as R c , it is necessary to take it into account when the knowledge of the pressure drop across the capillary is needed. In particular, when an electric field is applied in the capillary, its hydraulic resistance is changed since the apparent viscosity of the suspension is reduced while R h is expected to be almost constant.
B. Measurement of the profile in the presence of an electric field
Rather than a true DC electric voltage, we apply a 0.5Hz square wave voltage to the electrodes, in order to avoid the polarization of the electrodes and the depletion of the electric charges in the tube. The time required to perform one measurement is smaller than one second. Thus, it is possible to measure the velocity profile for each polarity of the electric field. No general difference has been noticed between the two polarities, suggesting that no significant migration of the particles under the action of the electric field takes place. The mean profile is then computed. The velocity profiles for different electric field intensities are represented by the symbols on figure 9. As expected, the Quincke rotation of the particles results in a decrease of the effective viscosity, i.e. an increase of the flow rate, together with a deviation of the profile from the simple parabolic Poiseuille law.
C. Comparison with rheometric data
To check the consistency of this result with other rheometric experiments, we compute the expected velocity profiles from the relation between shear rate and shear stress that has been measured in a rheometer for a suspension submitted to the same E field intensities. The rheometric measurements were carried out with a controlled stress rheometer, Carrimed CSL 100, in Couette flow geometry. The coaxial cylinders also serve as electrodes so that the electric field is applied along the velocity gradient direction (radial direction). A high voltage is applied to the outer stator while the inner rotor is grounded to the earth through an electrode hal-00457901, version 2 -19 Feb 2010 dipping in a mercury reservoir situated at the top of the rotation axis of the rheometer. The gap between the two cylinders (1 mm) is narrow compared to their radii (14 and 15 mm) so that the flow can be approximated by a simple shear flow. The variation of the viscosity with the shear rate is shown on figure 10 for the different intensities of the electric field. These experimental results agree qualitatively with the predictions of the model (figure 2.a). In particular, the concordance between experimental data and theoretical values of the viscosity is satisfactory at high shear rates. A discrepancy appears for low values of the shear rate:
while the model predicts a negative effective viscosity, the measured viscosity remains positive and even exceeds its zero electric field value for the smallest shear rates. In a previous paper [Pannacci (2007b) ] we have attributed this behaviour to a structuring of the suspension.
To compute the expected velocity profiles we need to know the pressure drop across the channel. Its value is obtained by writing that the total pressure drop is the sum of the pressure drop in the capillary and in the rest of the device: h dp gh L QR dy ρ = +
Then using equation (10), the flow rate is deduced: w e 2 z 0 2 E 1 1 E e 2 0 w 2 dp e Q 2 f ( z ) dz dz f ( ) d dy 2
where w e dp 2 dy σ = is the wall shear stress. Equations (16) and (17) together lead to the following equation:
Using the rheometric data, eq. (18) is solved numerically to obtain the wall shear stress, σ w .
From σ w , the pressure gradient is deduced and its value is injected in equation (10) 
V. DISCUSSION
Thanks to ultrasonic speckle velocimetry, we have been able to measure the flow profiles of a suspension flowing in a rectangular channel and to evidence the role played by the particle electrorotation. The theoretical model predicts that the viscosity is zero when the suspension is subjected to a zero-shear stress, at the centre of the capillary. This leads to a singular point in the velocity profile. Experimentally, the velocity profiles do not exhibit any singularity but appear to be flatter than the parabola around z =0. This is consistent with the rheometric measurements of figure 10 which, as noted in section IV. C, display a high viscosity value at very low shear rate. Nevertheless, the direct measurement of a negative effective viscosity or zero effective viscosity is difficult because it is supposed to arise when the shear stress is so low that it is hard to control it with a classical rheometer. Consequently, the measurement of the flow profile offers a promising way of measuring such a zero viscosity.
The measurement of the flow profile should also offer information on the possible effects of non-zero spin viscosity on the flow of such a micro-polar fluid. A non-zero spin viscosity introduces a coupling between the linear momentum and internal angular-momentum balance equations [Rosensweig (1997) ]:
where ζ is the vortex viscosity that actually appears in eq. (7) to account for the antisymmetric part of the stress tensor:
The spin viscosity η' is expected to be of the functional form: η'=η l a 2 f(φ) [Rosensweig (1997); Feng et al. (2006) ]. Consequently the internal angular momentum diffusion term in equation (19) (1) and (5), the first term scales as
, so that the ratio of the spin diffusion term to the volume electric torque is given by:
. Following Rosensweig (Rosensweig,1997) ,
, leading to 10 -3 for the sought ratio.
To catch such a small effect, the experiment has to be improved. The accuracy of the velocity measurement seems satisfactory although the use of a pulser-receiver with a higher signal to noise ratio would be valuable. We plan also to achieve a better control of the flow parameters. In particular, the true pressure gradient in the channel will be measured thanks a technique that we used previously and that consists in mounting pressure sensors on the capillary walls [Lemaire (2006) ]. Moreover, in the experimental section (IV. A), the entry length based on the channel width ℓ, has been evaluated to be four times the channel length. ℓ should be increased to make this entry length much larger than the capillary length ensuring hal-00457901, version 2 -19 Feb 2010 that the 2D approximation is correct at the channel centre. Finally, we plan to use a suspension with a suspending liquid whose conductivity is lower than in the present experiment. Then, the critical electric field intensity, E c , which varies as the square root of the electrical conductivity (see section II.A) will be lowered and the intensities of the electric field we can apply without observing dielectric breakdown would be much higher than E c that is a condition for a significant change in the rheological behaviour of the suspension. It appears that for sufficiently high electric fields, the shear rate can have a finite value,
while the applied shear stress is zero. 
